It is well-known that the 9-12%Cr martensitic heat-resistant steels own excellent mechanical properties; yet, in the case of aging embrittlement mechanism, little has been documented with carbides effect. In this study, to understand the aging embrittlement mechanism in steel 10Cr12Ni3Mo2VN, we focused on high-temperature short-term aging embrittlement by investigating the relationship between the heat treatment, microstructures, and aging embrittlement. It is mainly interested in the effect of carbides on the impact toughness of the steel sample after a heat treatment. The results show that the steel appears a reversible short-term aging embrittlement at temperatures within 500-600 • . It was found that carbides play an important role in the aging embrittlement, especially the M 7 C 3 -type carbides. Carbides formed at boundaries cause boundaries weakening and induce tempered martensite matrix to fracture in quasi-cleavage mode, which leads to the aging embrittlement. It was also found that the aging embrittlement can be eliminated by re-tempering at a higher temperature due to the transformation of carbides from M 7 C 3 -type to M 23 C 6 -type.
Introduction
Because of its excellent mechanical properties, 9-12%Cr martensitic heat-resistant steel has been widely used for aging embrittlement below 500 • in steel M152 was primarily attributed to the combination of alpha prime formation and segregation of stannum on boundaries [4] . In addition, aging embrittlement at 595 • in steel M152 was the result of segregation of phosphorus and M 23 C 6 -type carbides precipitation along boundaries [5] . In a 9Cr-1.4W-0.06Ta-0.22V martensitic steel, the coarsening of M 23 C 6 and precipitation of Laves phase were considered as main factors to cause embrittlement at 200-400 • [7] . In low-alloy steels, aging embrittlement was caused, for the most part, by segregation of impurity elements, precipitation of precipitates, and coarsening of grains [7, 8] . In short, it suggests that aging embrittlement can be caused by various reasons under different aging treatments in different steels. Thus, to avoid brittle failure of the final-stage turbine blades, it is necessary to understand the aging embrittlement mechanism in martensitic heat-resistant steel.
The purpose of this study was to understand the aging embrittlement mechanism in martensitic heatresistant steels. The sample investigated here was the 10Cr12Ni3Mo2VN steel, which has been used for making the final-stage turbine blades. According to a preliminary investigation, it was found that the high-temperature shortterm aging embrittlement in 10Cr12Ni3Mo2VN steel can be related to the precipitation of carbides. Thereafter, the effect of carbides on the high-temperature short-term aging embrittlement is the major focus in this study.
Experimental materials and methods
The investigated 10Cr12Ni3Mo2VN Steel samples were labeled as No.1 and No. 2. The sample chemical compositions are listed in Table 1 as in mass percentage. They were prepared by forging from electroslag remelting ingots. As compared with sample No. 1, the No. 2 contains more carbon but has similar contents of other elements.
To investigate the influence of high-temperature shortterm aging on the toughness, specimens were machined from the forging bars in longitudinal directions with sizes of 12 mm square section and 60 mm long. The heat treatment and aging process on samples were designed as shown in Table 2 . The sample No. 1 was furtherly divided into twelve groups of specimens in order to investigate the effect of temperature and the reversibility of aging embrittlement. For instance, specimen S1-1 was quenched after austenitizing for 45 min at 1040 • and then tempered for 120 min (i.e., 2 h) at 675 • but no aging treatment; specimen S1-2 was aged for 100 h at 500 • after the same heat treatment (i.e., quenching and tempering) as for specimen S1-1; specimens S1-11 and S1-12 were undergone re-tempering and/or re-aging after heat treatment and aging treatment; and so on. All specimens underwent quenching and tempering processes prior to any tests. Specimens were heat-treated using resistance box-type furnaces. The heat treatment process was carried out by a box-type heat treatment furnace. The decarburization layer was removed before tests. The impact tests were carried out using the standard Charpy V-notch impact tester at room temperature (20 • ). The hardness tests were carried out using Brinell hardness tester at room temperature (20 • ). The impact energy and hardness were determined based on the collected test data. The virgin specimens were first ground and polished and subsequently etched in a solution (5 g CuSO 4 , 70 mL HCl, and 100 mL H 2 O). Microstructure characterization was carried out by using a ZEISS-AXIOSCOPEA1 optical microscopy (OM) and a high-resolution SIGMA500 field emission SEM (FESEM) on the prepared specimens. An JSM-6390LV scanning electron microscopy (SEM) was used to characterize the fracture surface of impact specimens and the microvoids near fracture surface. A JEM-2100(HR) transmission electron microscope (TEM) was used to perform TEM analyses of the precipitates on carbon extraction replicas. An X-ray energy dispersive spectroscopy (EDS) was also used to analyze the composition of the precipitates on carbon extraction replicas. To prepare the carbon extraction duplicates, the virgin specimens were furtherly processed by depositing a carbon film on the etched surface. After that, the carbon film was removed using a solution containing 5 g CuSO 4 , 70 mL HCl, and 100 mL H 2 O.
Results

Impact toughness
Aging embrittlement increased with aging treatment temperature. It is worth noting that embrittlement is a loss of impact toughness of steel. The percentage value in the impact energy change shows aging embrittlement, i.e., higher value means the increase of aging embrittlement and vice versa. From Fig. 1 it can be seen that the impact energy decreases along with the increase of aging treatment temperature. For example, the impact energy decreases by 6.7% after aging for 100 h at 500 • . As aging temperature increased to 550 • , the impact energy of specimen S1-3 is 30.4% less than the control sample's (i.e., specimen S1-1). And impact energy further reduces by a factor of 39.4% as the aging temperature increased to 600 • . Therefore, increasing aging temperature promotes the aging embrittlement in the sample. The treatment of re-tempering and re-aging can affect the steel's aging embrittlement. It is interesting to see, in Fig. 2 , that the impact energy of specimen S1-11 is 10.6% higher than the control sample's but over 40% higher than the impact energy of specimen S1-3. The increase in impact energy means • -2 h S1-2 500 • -100 h S1-3 550 • -100 h S1-4 600 • -100 h S1-5 575 • -2 h S1-6 550 • -100 h S1-7 980 • -45 min 675 • -2 h S1-8 550 • -100 h S1-9 1100 • -45 min S1-10 550 • -100 h S1-11 1040 • -45 min 550 • -100 h 675 • -2 h S1-12 the steel becomes tougher and owns higher resistance to impact damage. It suggests that the aging embrittlement was completely eliminated after re-tempering for 2 h at 675 • . However, aging embrittlement appeared again in specimen S1-12 after re-aging for 100 h at 550 • . The results above show the aging embrittlement is reversible in the investigated steel sample. Besides, austenitizing (i.e., quenching) and temper temperature could also affect the steel's aging embrittlement. For example, as shown in Fig. 3 , following observations can be drawn: (1) impact energy for all tested specimens decreases as the quenching temperature increases from 980 • C to 1100 • C;
(2) impact energy for all tested specimens also decreases along with the increase of temper temperature; (3) percentage values increase as quenching temperature changed from 980 • C to 1100 • C but lessen as temper temperature increases from 575 • C to 675 • C. In short, the aging embrittlement becomes more serious once austenitizing temperature increases and temper temperature decreases.
What's more, the element carbon plays an important role in determining both impact toughness and aging embrittlement. From Fig. 4 , the impact energy of specimen S1-1 was about 158 J but became about 110 J for specimen S2-1. It can be seen that the impact energy of sample No. 2 is much lower when compared with the sample No. 1. It worth noting that the sample No. 2 contains more carbon than sample No. 1 has. The comparison of impact energy between samples of No. 1 and No. 2 suggests that the aging embrittlement was stronger in sample No. 2 as that the impact energy decreased by more than 50% after aging for 100 h at 550 • . It indicates sample No. 2 exhibited lower resistance to high-temperature aging.
Hardness tests
Keep in mind that the hardness of experimental steel was tested in this study rather than the strength. From the Fig. 5 , it can be seen the hardness of samples slightly increases after samples aging at 500 • and 550 • , but slightly decreases after samples aging at 600 • . After re-tempering for 2 h at 675 • , the hardness remarkably decreases by 18.6 HBW (in Fig. 6 ). And it increases again by 2.8 HBW after samples re-aging at 550 • . Fig. 7 shows the influence of austenitizing and temper temperatures on the hardness of steel sample No. 1. The results show hardness slightly decreases by 1.7 HBW after the aging of specimen S1-8, which was austenitized at 980 • . However, it increases by 3.4 HBW and 4.0 HBW after the aging under austenitizing at 1040 • and 1100 • respectively. Besides, it exhibits a big difference in the changing of hardness after the aging under different temper temperatures. The hardness is slightly increased by 3.4 HBW after the aging of specimen S1-3 which was tempered at 675 • . However, the hardness remarkably decreases by 26.8 HBW after the aging of specimen S1-6.
The effect of chemical elements on steel hardness is displayed in Fig. 8 . For the sample No. 2, the hardness increases remarkably with an increment up to 10.1 HBW after the aging. As compared, the increment in the hardness of sample No. 1 is only about 3.4 HBW.
Fractograph of impact specimens
Aging embrittlement mechanism was studied by investigating specimen fracture surfaces. Generally, the fracture surface of Charpy specimen consists of an initiation zone, a stable crack propagation zone, an unstable crack propagation zone, and an arrest zone of unstable crack propagation and a shear lip. The unstable crack propagation zone always closes to the arrest zone [3, 9, 10] . In Figs. 9-14, the SEM results show that all the specimen fractures contained an initiation zone, a stable crack propagation zone, an arrest zone, and a shear lip. But the unstable crack propagation zone was observed only on specimens S1-3, S1-4, S1-10, S1-12, S2-1, and S2-2. From those SEM micrographs, it is interesting to see that the unstable crack propagation zones were fractured in quasi-cleavage mode. Keep in mind that unstable crack propagation zone is usually the signal of embrittlement. Therefore the unstable crack propagation zone is the major focus in this study. Unstable crack propagation zone does not appear in specimen S1-1 according to the fractograph study. In Fig. 9a , it shows that the fracture in stable crack propagation zone is appeared as dimples in specimen S1-1. The fracture surface becomes flat near the arrest zone (in Fig. 10a ), but no brittle cracks are observed. After the aging for 100 h at 500 • and 550 • , the fracture is still appeared as dimples, but becomes more flat (in Fig. 9b and c) compared with specimen S1-1. With increasing the aging temperature to 600 • , some biggish cleavage planes are observed in stable crack propagation zone (in Fig. 9d ). No brittle zone is observed on specimen S1-2 which was aged at 500 • . But brittle zone is observed on specimens S1-3 and S1-4 which were aged at 550 • and 600 • respectively. Although the fracture surface becomes more flat near the arrest zone on specimen S1-2 (in Fig. 10b ), the fracture is still appeared primarily in shallow dimples. Quasi-cleavage cracks are observed in the unstable crack propagation zone of specimens S1-3 and S1-4 (in Fig. 10c and d) . Furtherly, biggish cleavage planes are observed in the unstable crack propagation zone of specimen S1-4. The percentage of the brittle fracture zone approximately increases from 15% to 25% along with the increase of aging temperature from 550 • to 600 • . That indicates increasing aging temperature leads to the increase in the brittleness of the experimental steel.
Brittle fracture zone disappears after the re-tempering of specimen S1-11 for 2 h at 675 • (in Fig. 11a ). It is also disappeared on specimen S1-12 which was re-aged for 100 h at 550 • . But the fracture surface becomes more flat near the arrest zone (in Fig. 11b ), indicating the fracture is a result of embrittlement after re-aging.
No brittle fracture zones are observed on both specimens S1-5 and S1-6 which were tempered at 575 • . According to the Fig. 12a , it shows that the specimen of S1-5 fractures with bigger dimples in the zone near the arrest zone. What's more, as shown in Fig. 12b , the specimen of S1-6 fractures with a mixture of dimples and quasi-cleavage cracks after the spec-imen aging for 100 h at 550 • . But dimples played a major role in determining fracture mode.
Fracture surfaces of specimens under different austenitizing temperatures are presented in Fig. 13 . No brittle fracture zones are observed on specimens of S1-7 and S1-8 which were austenitized at 980 • . But the fracture surface is more flat near the arrest zone on specimen of S1-8 after the aging for 100 h at 550 • as compared with S1-7 (in Fig. 13a and b) . Also no brittle cracks are observed on specimen S1-9 which was austenitized at 1100 • (in Fig. 13c ). But 23% brittle fracture zone appeared as quasi-cleavage cracks is observed on specimen S1-10 (in Fig. 13d ). Furtherly, by comparing with specimens of S1-1 and S1-3 which were austenitized at 1040 • , it can be found that fractures are much thicker after austenitizing at higher temperatures. All of above show that aging embrittlement gets worsening with the increase in the austenitizing temperatures.
Brittle fracture zone appeared as quasi-cleavage crack is observed both on specimens of S2-1 and S2-2 (in Fig. 14a and b). The percentages of brittle fracture zone on specimens of S2-1 and S2-2 were measured as 11% and 46% respectively. It is worth noting that there are less tear ridges in the specimen S2-2 after the sample aging for 100 h at 550 • as compared with the specimen S2-1. That indicates more brittleness after an aging process. Besides, from the Fig. 14, it can be seen that some cleavage planes appears in the stable crack propagation zone of the specimen S2-2.
To understand the brittleness mechanism, microstructures near the fractures were investigated in specimens S1-1 and S1-3 (in Fig. 15 ) by using SEM micrographs. The SEM results show that there are lots of microvoids near the fracture surface on both specimens of S1-1 and S1-3. But the morphologies of these microvoids are different between specimens S1-1 and S1-2. Most of the microvoids observed appear as circular holes (in Fig. 15a ) on the specimen S1-1 which was not under an aging treatment. But some cracks and chains of microvoids at boundaries, between prior austenite grains and martensite laths, are observed on the specimen S1-3 which was aged for 100 h at 550 • . That indicates the boundaries become weaker after aging. Fig. 9 -SEM fractograph of specimens S1-1(a), S1-2(b), S1-3(c), and S1-4(d) in the stable crack propagation zone. Fig. 10 -SEM fractograph of specimens S1-1(a), S1-2(b), S1-3(c), and S1-4(d) near the arrest zone. Fig. 11 -SEM fractograph of Steel S1-11 (a) and S1-12 (b) near the arrest zone. Fig. 12 -SEM fractograph of specimens S1-5 (a) and S1-6 (b) near the arrest zone.
Microstructure characterization
Microstructure plays a crucial role in determining mechanical properties of steel. Thereafter, to understand the aging embrittlement mechanism, microstructures of the steel sample after heat treatment were characterized. The metallographic images show that the matrixes of all samples consist of typical temper martensite laths. But the morphologies of the precipitates varies a lot across samples. The FESEM micrographs show that lots of spherical precipitates formed within the steel sample of S1-1 (in Fig. 16a ). The spherical precipitates form along the martensite lath and prior austenite grain boundaries after tempered for 2 h at 675 • were M 23 C 6 -type [3] . From the Fig. 16b , it can be seen that there are more precipitates within the specimen of S1-3 after an aging for 100 h at 550 • . But the precipitates formed during aging are difficult to be distinguished by FESEM due to the massive amounts of precipitates. But the precipitates formed during the aging can be clearly distinguished for specimens tempered at 575 • (in Fig. 17) . A small amount of acicular precipitates form within martensite laths in the specimen of S1-5, which was quenched and tempered at 575 • (in Fig. 17a ). These acicular precipitates are M 7 C 3 -type [3] . The boundaries of martensite laths and prior austenite grains are relatively distinct in the specimen of S1-5 before an aging. More precipitates are observed in the specimen of S1-6 after aging. And some precipitates are observed at the boundaries in the specimen S1-6 (in Fig. 17b ).
To investigate the precipitates formed during the aging, the microstructure of these precipitates was furtherly examined using TEM on carbon extraction replicas (in Fig. 18 ). And their chemical composition was analyzed by EDS (in Fig. 19 ). From the TEM micrographs, it can be seen that spherical precipitates formed at boundaries are isolated and finer precipitates formed at boundaries are continuous in the specimen S1-6 after an aging treatment (in Fig. 18 ). And the finer precipitates are also observed in martensite matrix. Upon the diffraction patterns and EDS analytical results, the isolated spherical precipitates are the (Cr, Mo, Mn, V)-rich M 23 C 6 -type carbides and the continuous finer precipitates are the (Cr, Mo, Mn, V)-rich M 7 C 3 -type carbides.
The effect of aging temperature on microstructure of steels was investigated according to FESEM micrographs. Fig. 20 shows the microstructure of steels under different aging temperatures. It can be seen that less carbides precipitate in the specimen of S1-2 after an aging at 500 • (in the Fig. 20a ) but more carbides precipitate in the specimen of S1-4 after an aging at 600 • (in the Fig. 20b ). That indicates increasing aging temperature promotes the precipitation of carbides.
The effect of re-tempering and re-aging on microstructures was also investigated, as shown in Fig. 21 . It seems little difference in morphology of precipitates between specimens of S1-3 (after aging, in Fig. 16a ), S1-11 (after re-tempering), Fig. 13 -SEM fractograph of specimens S1-7(a), S1-8(b), S1-9(c) and S1-10(d) near the arrest zone. Fig. 15 -SEM micrographs near the fracture surface in specimens S1-1 (a) and S1-3 (b). Fig. 16 -FESEM micrographs of specimens S1-1 (a) and S1-3 (b). Fig. 17 -FESEM micrographs of specimens S1-5 (a) and S1-6 (b). and S1-12 (after re-aging). Maybe some changes appear after re-tempering and re-aging. But, due to the large quantity of precipitates, it is difficult to distinguish the precipitate type based on the FESEM results.
The effect of austenitizing temperature on grain size was investigated in this study using OM. In Fig. 22 , it can be clearly seen that the prior austenite grain size increases with the increase in austenitizing temperatures from 980 • to 1100 • . The length of martensite laths concomitantly increases [9] , as shown in Fig. 23 . The size change of prior austenite grains was measured and shown in Fig. 24 , in which it shows that the grain size is about 20 m at temperature 980 • but it becomes about 105 m at temperature 1100 • . The grain size increases linearly along with austenitizing temperatures from 980 • up to 1100 • .
There are more precipitates in the steel sample No. 2 when compared with the steel sample No. 1. Fig. 25 shows the microstructure of the steel sample No. 2. The number of precipitates remarkably increases for the specimen of S2-2 (in Fig. 24b ) after an aging when compared with the specimen of Fig. 18 -TEM micrographs of precipitates formed at boundaries in specimen S1-6. Fig. 19 -EDS spectra of spherical precipitates (a) and finer precipitates (b) at boundaries in specimen S1-6. Fig. 20 -FESEM micrographs of specimens S1-2 (a) and S1-4 (b). Fig. 24a ). The size of prior austenite grains of specimen S2-1 was measured as 66.2 m that is slightly bigger than that of the specimen S1-1 under the same heat treatment. Fig. 21 -FESEM micrographs of specimens S1-11 (a) and S1-12 (b). were known as the reason causing boundaries weakening and leading to aging embrittlement in steels. However, no segregation was observed by line scanning using EDS. Of course, it may also be that the segregation of impurity elements cannot be detected by EDS due to their low contents. But the segregation of phosphorus or stannum cannot explain why there is a stronger aging embrittlement in the sample Steel No. 2, which has the similar contents of phosphorus or stannum compared with the sample Steel No. 1. That indicates the aging embrittlement may not be caused by the segregation of impurity elements. In this study, it is mainly interested in the effect of carbides on the aging embrittlement.
S2-1 (in the
Results obtained show that isolated spherical M 23 C 6 -type carbides and finer continuous M 7 C 3 -type carbides form at boundaries after aging. From the previous study on temper embrittlement in the steel sample, precipitation of M 23 C 6type carbides at boundaries was found to be harmful to the toughness. M 23 C 6 -type carbides form at boundaries weakened the binding force of boundaries. In addition, it plays a nucleating role in the development of cracks in steel, in which quenched martensite matrix is not effectively recovered. But further precipitation of M 23 C 6 -type carbides has little influence on the toughness in steel which was tempered for 2 h at 675 • [3] . Thus, the precipitation of M 23 C 6 -type carbides may play an important role in the aging embrittlement in the specimen of S1-7 which was tempered at 575 • and in which quenched martensite matrix was not effectively recovered. But there is also a strong aging embrittlement in Fig. 23 -OM micrographs of specimens S1-8 (a), S1-2 (b) and S1-10 (c). specimens which were tempered for 2 h at 675 • . So we think that the precipitation of finer M 7 C 3 -type carbides may play a more important role in the aging embrittlement due to that. Finer M 7 C 3 -type carbides are continuously distributed along boundaries, while M 23 C 6 -type carbides are isolated. Obviously, the continuously distributed M 7 C 3 -type carbides have stronger harmful effect on boundaries than the isolated M 23 C 6 -type carbides. Therefore, continuously distributed finer M 7 C 3 -type carbides may play a primary role in aging embrittlement.
A previous study shows that M 7 C 3 -type carbides precipitated at low temper temperature 575 • will transformed to M 23 C 6 -type carbides at higher temper temperatures above 625 • [3] . Thus the recovery of toughness after re-tempering at 675 • should be attributed to the transformation of M 7 C 3type carbides to M 23 C 6 -type carbides. The harmful effect of M 7 C 3 -type carbides could be eliminated after they transform to isolated M 23 C 6 -type carbides which have little influence on the toughness in steel tempered for 2 h at 675 • . M 7 C 3type carbides, precipitated again after a re-aging, leads to the reappearance of aging embrittlement. But the embrittlement becomes weaker after a re-aging. That should be attributed to less M 7 C 3 -type carbides precipitated after a re-aging. The SEM micrographs show that there are more carbides after a re-tempering. That indicates less carbon and other alloying elements dissolve within matrix after a re-tempering. The lower contents of dissolved carbon and other alloying elements cause less precipitation of M 7 C 3 -type carbides during an aging. That's why the aging embrittlement becomes weaker after a re-aging.
The stronger aging embrittlement at a higher aging temperature should be attributed to more precipitation of carbides. Generally, the precipitation rate of carbides increases with temper temperatures. More M 7 C 3 -type carbides will precipitate after aging for the same time at a higher aging temperature. That leads to stronger harmful effect on toughness and stronger aging embrittlement at a higher aging temperature.
The stronger aging embrittlement in specimens tempered at 575 • should be attributed to two reasons. (1) More carbon and other alloying elements dissolve within matrix after tempering at 575 • when compared with those after tempering at 675 • . The higher contents of dissolved carbon and other alloying elements induce more M 7 C 3 -type carbides precipitated. (2) Further precipitation of M 23 C 6 -type carbides has little influence on specimens tempered at 675 • but has significant effect on specimens tempered at 575 • . Thus M 23 C 6 -type carbides formed after an aging has a significant harmful effect on specimens tempered at 575 • .
The lower toughness of the sample Steel No. 2 after quenching and tempering is attributed to their higher carbon content. It is well known that carbon usually decreases the toughness in steel. The stronger aging embrittlement in the Steel No. 2 should also be attributed to more precipitation of carbides due to its higher carbon content.
Martensite matrix is always recovered after aging which appears as a softening mechanism and always leads to the decrease in hardness. But the hardness in specimens of S1-2, S1-3, S1-8, S1-10, S1-12, and S2-2 was increased after an aging treatment. That indicates some hardening mechanism also arose during the aging. Precipitation hardening is the only possible hardening mechanism in this study. Increase of hardness after an aging should be attributed to the precipitation of finer M 7 C 3 -type carbides which are precipitated both at the boundaries and in the martensite laths. The precipitation hardening mechanism may cause significant effect on hardness than the softening mechanism in specimens of S1-2, S1-3, S1-8, S1-10, S1-12, and S2-2, which leads to the increase of hardness after an aging. The decrease of hardness after an aging in the specimen of S1-7 should be attributed to the recovery (of martensite matrix)-induced softening effect. Of the specimen S1-11 after the re-tempering for 2 h at 675 • , the hardness decreases with 15.2 HBW compared with the specimen of S1-1. In a previous study, the hardness justly decreased 2.8HBW with extending temper time from 2 h to 4 h at 675 • [3] . That indicates the decrease of hardness after the re-tempering is not caused only by re-tempering. It should be also attributed to the mixing effect of aging and re-tempering, i.e., recovering of martensite matrix by aging and elimination of precipitation hardening by re-tempering. The eliminating of precipitation hardening after re-tempering is resulted from the transformation of carbides from finer M 7 C 3 -type to thick M 23 C 6 -type. The difference in hardening level after aging is determined by the amount of precipitation. For example, bigger increase of hardness after an aging in the sample Steel No. 2 indicates more carbides precipitated. Conclusively, increasing temper temperature and reducing carbon could decrease the precipitation of carbides and improve the resistance to aging embrittlement for the steel sample.
The improvement of resistance to aging embrittlement by decreasing austenitizing temperature should be attributed to the refining of prior austenite grains. Grain boundaries can effectively prevent the propagation of cleavage cracks in the experimental steel [9] . Therefore, by decreasing austenitizing temperature and refining grains, it could also improve the resistance to aging embrittlement for the steel sample.
Conclusions
From the studies of the short-term high-temperature aging embrittlement in martensitic heat-resistant steel 10Cr12Ni3Mo2VN, several important results are summarized as follows.
(1) The aging embrittlement in the martensitic heat-resistant steel 10Cr12Ni3Mo2VN at 500-600 • is caused by the precipitation of carbides at boundaries between prior austenite grains and martensite laths, especially the continuously distributed M 7 C 3 -type carbides. (2) The aging embrittlement in steel 10Cr12Ni3Mo2VN is a reversible brittleness. It can be eliminated by the re-tempering at a higher temperature due to the transformation of carbides from M 7 C 3 -type to M 23 C 6 -type. And the aging embrittlement becomes weak after re-aging. (3) The increase of hardness after an aging should be attributed to the precipitation hardening of finer M 7 C 3type carbides. (4) By decreasing the austenitizing temperature, refining prior austenite grains, increasing temper temperature, and decreasing carbon content, it can effectively improve the resistance to aging embrittlement.
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